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Surface-zone flow along unsaturated rock fractures
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Abstract.  Although fractures in rock are well recognized as pathways for fast percolation
of water, processes which permit fast flow along unsaturated fracture pathways remain to
be identified and understood. Earlier aperture-based models of flow in partially saturated
fractures permit fast flow only through a continuous network of locally saturated
segments. Film flow was recently identified as a mechanism capable of sustaining fast flow
along truly unsaturated fractures when the matric potential is very close to zero. Another
mechanism for fast flow along unsaturated fractures is introduced in this study, “surface-

zone flow,” which can be important when the permeability of the rock along fractures
(fracture skin) is significantly greater than that of the bulk rock matrix. In such systems
the fracture surface zone provides low resistance pathways through which fast flow
(relative to the bulk matrix rock) can occur, even when the fractures are at very low water
saturation. Initial experimental tests of surface-zone fast flow were performed. Surface-
zone fast imbibition of water was measured on a welded tuft and a rhyolite. However,
because (1) imbibition rates are also strongly influenced by rock wettability, (2) these
initially air-dry rocks exhibited finite contact angles upon exposure to water, and (3) we
lack methods to reliably measure permeabilities of thin regions on rock surfaces,
quantification of permeability contrasts was not possible in these initial tests.

1. Introduction

Our understanding of how water flows from the land surface
downward through fractured rock is still quite limited, espe-
cially in unsaturated fractured rock common in arid and semi-
arid regions. Rapid migration of solutes through some portions
of deep vadose (unsaturated) zones has recently been observed
[Nativ et al., 1995; Fabryka-Martin et al., 1996]. Such findings
show preferential water flow along a fraction of potentially
conductive pathways and disequilibrium between fractures and
the rock matrix. Some of the first conceptual models for flow
and transport in unsaturated fractured rock require high frac-
ture saturations in order to permit flow through fractures. Such
models envision small regions of fractures as being either fully
saturated or desaturated (Figure 1a), with the condition for
local fracture saturation essentially based on aperture-
capillarity considerations [Wang and Narasimhan, 1985; Pruess
and Tsang, 1990]. In such conceptualizations, local segments
within a fracture are either saturated (conductive) or dry (non-
conductive), such that continuous saturated pathways within
fractures are required to sustain fast flow. Until recently, tran-
sient pulses of locally highly saturated fracture flow during
episodic, high-intensity rainfall events provided the only expla-
nation for fast flow through fractured vadose zones [Nitao and
Buscheck, 1991; Wang et al., 1993]. However, evidence of rapid
transport through unsaturated fractured rock often is not as-
sociated with evidence of either continuous or episodic satu-
rated flow pathways [Nicholl et al., 1994; Glass et al., 1995]. Our
search for mechanisms and conditions that permit fast flow and
transport in truly unsaturated fractured rock is motivated in
part by the need to resolve this paradox and in part by interest
in examining alternative fast flow hypotheses.

Recently, film flow (Figure 1b) along water-filled surface-
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roughness features of unsaturated fractures was shown to per-
mit fast, gravity-driven flow both as free surface flow [Kapoor,
1994] and when the matric potential is near zero [Tokunaga
and Wan, 1997, 1998; Or and Tuller, 2000; Tokunaga et al.,
2000]. Water films along fracture surfaces can build up when
the matric potential is high enough (close enough to zero) to
sustain effectively saturated conditions in the immediately un-
derlying matrix. The pore size distribution of the rock deter-
mines its satiation matric potential and hence the “near-zero”
matric potential range over which water films can expand into
local topographic depressions along fracture surfaces. As ma-
tric potentials increase toward zero, water films expand along
fracture surfaces by first filling finer-scale roughness features
and progressively filling coarser roughness features. “F
flow” can then occur along hydraulically continuous regions of
thick “films” (filled topographic minima), with thin film regions
(along topographic maxima) imposing most of the hydraulic
resistance.

In the present study we propose another process which per-
mits fast flow along unsaturated fractures and provide initial
test results. This process, which we term “fracture surface-zone
flow,” can occur in fracture coatings, skins, or microcracked
damage zones which have higher permeabilities than the un-
derlying bulk rock matrix, when the local flux of water is high
enough to sustain satiated water contents within fracture sur-
face zones. Under such conditions, water is expected to flow
preferentially within the fracture surface zone (Figure 1c).
When the energy of pore waters in the fracture surface zone
rises to its near-zero matric potential range, film flow becomes
possible on the fracture surface. Thus surface-zone flow, local
aperture saturation, and film flow can all contribute to flow
along unsaturated fractures (Figure 1d). Under fully saturated
fracture conditions the surface zone may only exhibit minor
influence since flow is often dominated by continuous trans-
missive fracture aperture pathways. However, under condi-
tions where fractures are unsaturated, and even when film flow
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Figure 1.

Contrasting conceptual models for (a) conventional aperture-based unsaturated flow, (b) film

flow, and (c) surface-zone flow in unsaturated fractured rock. (d) When near-zero matric potentials develop
for the fracture surface zone, flow can occur along the surface zone, in films, and in locally saturated apertures
simultaneously. Note that high fracture saturations are generally needed in the aperture-based model before
significant flow can occur along the fracture plane. When the fracture surface zone has a higher permeability
than the underlying matrix rock, and/or when continuous transmissive films span unsaturated regions of
fractures, fast flow of water can occur along partially saturated fractures relative to flow in the bulk matrix.

velocities are negligible, preferential flow within fracture sur-
face zones might become important and diminish flow into the
bulk rock matrix.

Two common features that can give rise to permeability
enhancement within some fracture surface zones will be con-
sidered (recognizing that not all fracture surface zones are
expected to have higher permeabilities than their underlying
bulk matrix rock). The first type of feature is a mineral coating
on a fracture surface having higher permeability than the un-
derlying rock matrix. Studies of rock fracture coatings have
emphasized mineralogy and geochemistry [e.g., Carlos et al.,
1993], as well as hydraulic properties [Thoma et al., 1992;
Chekuri, 1995]. However, previous hydrological studies on
coatings addressed fracture-matrix interactions rather than
flow along the fracture plane. Microcracks bounding fractures
constitute a second type of feature that could enhance the
surface-zone permeability. Although fracture microcracks have
been studied in the context of rock mechanics [Hoagland et al.,
1973; Kobayashi and Fourney, 1978; Swanson and Spetzler,
1984; Labuz et al., 1991], their possible importance in unsat-
urated fluid flow does not appear to have been investigated.
Laboratory tests on these two types of fracture surface zones,
fracture coatings and microcracks, will be presented in sections
3 and 4. It should be noted that processes leading to perme-
ability enhancement within the fracture surface zone will be
hydrologically most important in systems where the bulk ma-
trix permeability is low. Because rocks of low matrix perme-
ability are quite common, the possible significance of surface-
zone fast flow along unsaturated fractures deserves
examination.

Previous studies concerned with the hydrologic importance
of the fracture surface zone (fracture skin) appear to have
focused solely on matrix imbibition of water from fractures
[Thoma et al., 1992; Chekuri, 1995]. Such studies have ad-
dressed the importance of permeability contrasts in controlling

rates of water flow from fractures into rock. It may be equally
important to consider the influences of permeability contrasts
on flow along the fracture plane, and this aspect of the fracture
surface zone appears not to have been addressed in earlier’
studies. Upon including this second perspective on hydraulic
effects of the fracture surface zone, it is interesting to note that
contrasts in permeability between the surface zone and under-
lying matrix promote flow along the fracture plane, regardless
of which region is higher in permeability. When the surface
zone is very low in permeability relative to the matrix, flow is
confined within the fracture aperture. When the surface zone
has a much higher permeability than the underlying matrix,
faster flow can occur along the unsaturated fracture plane,
within this fracture skin. This second scenario is the focus of
the present study. In common with these previous studies we
utilized water imbibition experiments because they are poten-
tially sensitive to permeability differences between the surface
zone and bulk rock matrix.

2. Sorptivities and Permeabilities of Porous
Media

Since this study relies on water-imbibition (sorptivity) mea-
surements for identifying surface-zone flow, it is useful to re-
view some basic aspects of this type of experiment. Although
the sorptivity (S) of a porous medium depends upon both its
initial water content and the water content maintained at the
inflow boundary [Philip, 1957a], we will limit our consider-
ations to § obtained from one-dimensional water imbibition
from a free surface into initially air-dry porous media with the
opposite end of the specimen open to atmospheric pressure.

This amounts to imposing a source boundary at satiated water
content (snme air entranment is leplv) and apprnvx'mntply 7ero

QILC Al COLIAPINCIL IS kY ) 410 aPPIroXimalcly Zer

matric potential (small variations in gravitational potential
along the fracture due to its topography impart variations in



TOKUNAGA AND WAN: SURFACE-ZONE FLOW

surface zone

289

Figure 2. Orientation of fractured rock samples in the two types of imbibition experiments. (a) If the sample
is oriented with the fracture surface vertical, perpendicular to the free water surface, imbibition can occur
simultaneously through the fracture surface zone and the bulk matrix. If surface-zone fast flow is important,
it is qualitatively evident from a more rapid wetting front advance along the fracture surface relative to the
bulk matrix. (b) When the sample is oriented with the fracture surface faced downward and parallel to the free
water surface, imbibition occurs first through the fracture surface zone and then into the bulk matrix.

surface pressure potential). In homogeneous porous media the
short-term volumetric water uptake rate per unit area follows
diffusion-like behavior. The early model of Green and Ampt
[1911] assumes a constant matric potential at the wetting front
and a step-function moisture profile with constant water con-
tent behind the wetting front. When the wetting front distance
is small relative to the magnitude of the assumed wetting front
matric head, the hydraulic potential gradient within the trans-
mission zone is dominated by the matric potential gradient.
Essentially identical models for transient liquid flow into cap-
illary tubes were developed by Bell and Cameron [1906] and by
Washburn [1921]. In all of these approaches the assumed con-
stant wetting front matric (capillary) potential is interpreted in
terms of a capillary pressure change at the advancing air-water
interface, and the initial hydraulic potential of the system is not
explicitly considered. The hydraulic potential gradient is dissi-
pated as infiltration proceeds in all of these models, such that
the short-time (negligible gravity) cumulative imbibition of
water is linear with respect to the square root of time. Thus the
Green-Ampt cumulative infiltration (/) is

[

1= \2M0AyK1, (1a)

where 1 is time, K is the effective hydraulic conductivity, A8 is
the step change in volumetric water content (A6 < porosity),
and Ay is the magnitude of the constant matric head difference
between the source and wetting front. The effective wetted
distance (L) is directly related to the cumulative infiltration
through the assumed step change in volumetric water content
(L = I/A9), and thus

R A YKt
L— "Ké_.

In more modern analyses of water absorption and infiltra-
tion into porous media [Philip, 1957a, 1957b, 1969] the cumu-
lative infiltration is related to the square root of time through
the sorptivity (S) when gravity is negligible,

I1=5\L (2)

Thus, in the Green-Ampt approximation, the wetting front
distance, sorptivity, and time are related through

(1b)

S

Although the sorptivity of a porous medium generally depends
on the initial and final volumetric water contents, we will only
consider the case of imbibition from free water sources into
initially air-dry media. It should be noted that inferring hy-
draulic conductivities and hydraulic diffusivities from such pro-
cesses can be problematic when considering porous media with
incomplete or unknown wettability. We consider this limitation
later in the context of interpreting experimental results.

Two types of imbibition experiments were considered for the
purpose of identifying surface-zone flow. The first type of ex-
periment imposes inflow parallel to the fracture plane and
simultaneous wetting into the fracture surface zone and bulk
matrix (Figure 2a). Qualitative indications of whether or not
surface-zone imbibition is fast relative to matrix flow can be
obtained by observing relative rates of wetting front advance in
these two regions. Complexity of the internal flow field arises
from differences in hydraulic properties, leading to flow from
one region into the other. This complication, combined with
difficulties of measuring the component inflows into the two
regions, appears to prevent quantification of surface-zone flow
by simple analyses. Inverse modeling [e.g., Simiinek and van
Genuchten, 1996; Finsterle and Faybishenko, 1999] has the po-
tential to permit quantitative interpretation of this flow geom-
etry. The second type of imbibition experiment imposes flow
normal to the fracture plane by placing the fracture surface in
contact with a water reservoir and inducing flow into the frac-
ture surface zone and then into the bulk rock matrix (Figure
2b). Although the imposed flow (across the surface zone) is
orthogonal to the flow direction of interest (along the surface
zone), this approach retains the simplicity of one-dimension-
ality. For purposes of quantifying flow along the surface zone
this flow geometry requires that the hydraulic conductivity
functions for both the surface zone and bulk matrix be essen-
tially isotropic. Lacking reliable methods for directly measur-
ing each component of the permeability tensor within thin
fracture surface zones (discussed later), we assume isotropic
permeabilities.

When a transient flow process occurs along the direction
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normal to layered heterogeneities, as in infiltration through a
crust overlying a soil or in imbibition into bulk rock via a
fracture surface zone, the infiltration rate reflects the hydraulic
properties of both layers. The initial stage of infiltration, while
the wetting front is still within the crust or coating, is described
adequately by the previous approaches. However, once the
underlying porous medium is encountered, the contrasting hy-
draulic characteristics of the two layers must be taken into
account. Hillel and Gardner [1970] presented an analysis of
transient infiltration into a crust-covered soil, based upon the
Green-Ampt model. A similar study on water imbibition into
fracture coatings and underlying rock was performed by
Thoma et al. [1992], based on the Washburn [1921] approach.
Both of these analyses showed that during the later stages,
when the wetting front is within the underlying porous me-
dium, the infiltration rate could be predicted based upon § or
the hydraulic diffusivity (D) of the second medium. Thus the
slope of I versus 7'/ at later stages yields S of the underlying
porous medium. Hillel and Gardner [1970] noted that the val-
ues of § and D characteristic of wetting front advance into the
second layer will, in general, depend upon the hydraulic resis-
tance imposed by the first layer because this resistance influ-
ences the matric potential at the contact between the two
regions.

Analyses which are solely based on the Green-Ampt or
Washburn models do not account for time-dependent changes
in hydraulic resistance in the contact region between the crust
and bulk porous medium. Such changes arise from the increas-
ing matric potential (becoming less negative) in the contact
region resulting in temporally increasing unsaturated hydraulic
conductivity, and the study by Ahuja [1974] showed that this
can yield inaccurate Green-Ampt-based results for high values
of crust resistance. In our study we are only concerned with the
opposite case, where the surface zone offers minor resistance
relative to the lower-permeability interior rock. In such case a
plot of I(\V/1) exhibits a steep initial slope followed later by a
more gradual slope. These two regions correspond to the sorp-
tivities of the surface zone and interior rock, respectively.

When considering possible surface-zone flow along unsatur-
ated fractures, it is of greater interest to quantify contrasts in
permeabilities of surface and bulk regions of rock, rather than
their sorptivities for initially dry conditions. In many low-
permeability rocks it can be expected that they often exist at
relatively high water saturations in deep vadose environments.
For example, water saturations in excess of 90% are common
in measurements on core samples from the vadose zone at
Yucca Mountain, Nevada [Flint, 1998]. High values of initial
water saturation greatly reduce imbibition rates, as first quan-
titatively addressed by Philip [1957b]. In that study the sorp-
tivity was shown to decrease approximately linearly with in-
creased water saturation, with greater decreases at high
saturation. Thus laboratory imbibition rates determined on
initially dry samples greatly exceed rates relevant under field
conditions.

Our consideration of sorptivity measurements in layered
media is primarily motivated by the need to quantify surface-
zone permeabilities. Thus, if sorptivity measurements on ini-
tially dry porous media could be used to estimate permeabili-
ties, then imbibition experiments conducted on both the
fracture surface zone and bulk rock could be useful in evalu-
ating contrasts in tlow between these two regions. Kao and
Hunt [1996] showed that the wetting front distance depends on
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the one-fourth power of the permeability (k) for many porous

media:
ag
L=B ‘/]I [N (4)

where B is a constant (~0.5), o is the liquid-gas surface ten-
sion, and p is the liquid’s dynamic viscosity. The above result
was obtained for liquid imbibition into straight capillary tubes
as the starting point [Washburn, 1921], assuming perfect wet-
ting (zero contact angle). Combining (3) and (4) shows that the
Kao-Hunt result relates k to the fourth power of S,

e=(5) (53a)

For water imbibition displacing air in a strongly water wetting
porous medium, at 20°C, (5a) gives

(52)

A0 (5b)

S 4
k[m* ]~ (3 X 1073 s?>m™? <*—-) ,
when B = 0.5 and when § has units of m s~ . Thus relatively
small differences in S reflect large differences in k. For exam-
ple, even if the surface-zone sorptivity is only 3.2 times that of
the underlying bulk matrix, the surface-zone permeability is
approximately 100 times higher than that of the bulk rock
(assuming both regions are highly wettable). On the basis of B
values identified by Kao and Hunt [1996] being largely in the
range of 0.3 to 0.7, the relative uncertainty in B is estimated to
be about 0.4 (i.e., B = 0.5 + 0.2). Since k is correlated to
B~ % and B is the dominant uncertainty, the relative uncer-
tainty in k calculated using (5b) is about 0.8 when other un-
certainties are negligible [Taylor, 1982]. Thus estimates of k
(£80%) might be obtained through imbibition experiments
and (5a) and (5b). While this level of uncertainty is large, (5b)
remains sensitive to large permeability differences in highly
wettable media. Kao and Hunt [1996] showed that (4) could be
satisfactorily applied to imbibition data which spanned over 3
orders of magnitude in k (1.8 X 107" to 6.8 X 10'! m?).
It is worth noting here that there are at least two other
approaches that also lead to the above result of permeabilities
correlating to the fourth power of sorptivities. The first com-
bines the Green-Ampt analysis with a correlation between the
wetting front matric potential and the hydraulic conductivity.
On the basis of capillary scaling, Ay is proportional to K~ /2
[Miller and Miller, 1956], such that (la) leads directly to a
sorptivity dependent on the one-fourth power of permeability
for Miller-Miller similar media. Alternatively, the relation be-
tween the saturated hydraulic conductivity (K,,), @ parameter
[van Genuchten, 1980}, and sorptivity obtained by Zimmerman
and Bodvarsson [1991] and by Winterle and Stothoff [1998],

§* = Kola, (6)

can be combined with the capillary scaling proportionality re-
lation between « and K, proposed by Wang and Narasimhan
[1992],

a = K, (7

to again relate sorptivity to the one-fourth power of perme-
ability.

Although sorptivity-permeability correlations probably can
be applied successfully in many systems, the above relations
have limitations, and faster imbibition rates do not universally
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reflect higher permeabilities. The uncertainty in sorptivity-
estimated matrix permeability is potentially very large if (5b) is
applied beyond the range of conditions encompassed by Kao
and Hunt [1996], because of geometry, scale, and wettability
influences. The more closed pore structure of the consolidated
rocks we investigated are not expected to be geometrically
similar to unconsolidated granular porous media for which
(5b) applies. Furthermore, the lower permeabilities of the
rocks used in this study indicate that their characteristic pore
sizes are smaller than those of the media included in the work
of Kao and Hunt [1996]. Miller and Miller [1956] anticipated
breakdown of hydraulic scaling for geometrically similar media
in the limit of very fine pores. The possibility that a scale
dependence for the B factor would need to be incorporated
into (5a) and (5b) was investigated in a part of this study
described in sections 3 and 4. Finally, (5b) is not expected to
apply for imbibition into porous media which are not strongly
water wetting. Inspection of (4) and (5a) might suggest that
wettability could be accounted for through a cos ¢ factor in-
cluded with the surface tension (o), where ¢ denotes the con-
tact angle. However, the unique determination of contact an-
gles on rough surfaces of porous media can be problematic
[Morrow, 1975; Drelich et al., 1996]. Even with knowledge of
intrinsic wettability, contact angle scaling in porous media re-
mains problematic because of nonunique relations between
apparent contact angles and capillary pressure (interfacial cur-
vature) at pore walls that diverge or converge [Philip, 1971].
For all of these reasons it can be difficult to quantitatively
correlate imbibition rates to permeabilities in low-permeability
rocks that are not strongly water wetting.

Despite the aforementioned limitations the simplicity of im-
bibition experiments makes (5b) an attractive potential esti-
mator of permeability. As indicated previously, by conducting
imbibition experiments in which water flows through the frac-
tured rock surface, first through the surface zone and finally
into the bulk matrix, values of S characteristic of both regions
are obtained. Permeabilities of these two regions can then be
estimated from their sorptivities through (5b), subject to the
limitations discussed previously. This approach is especially
useful for investigating thin surface zones with relatively high
permeabilities since alternative methodologies can be prob-
lematic.

Before describing our sorptivity-based experiments, prob-
lems associated with alternative techniques for quantifying sur-
face-zone flow will be briefly noted. Direct isolation of surface-
zone samples by cutting is attractive since it could permit
hydraulic measurements independent of the bulk rock. How-
ever, cutting of thin surface-zone samples is likely to compro-
mise measurements through inducing cracking or micro-
fracturing, thereby imparting artificially highly enhanced
permeabilities. Alternatives that involve sealing at the fracture
surface and measuring permeabilities of the surface zone and
bulk matrix in parallel are problematic because of imperfect
sealing along rough natural fracture surfaces. For example, the
use of elastic sleeves and application of lateral confining pres-
sures is effective in sealing smooth-wall cores but is of ques-
tionable value for rough, irregular surfaces. The other general
approach toward sealing, using glues or resins, suffers from the
problem of filling into near-surface, high-permeability pores
and microcracks. The use of gas probe permeameters [Goggin
et al., 1988; Tidwell and Wilson, 1997] might be useful in mea-
surements on relatively thick fracture surface zones (greater
than = 10 mm), but to our knowledge, measurement dimen-
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Table 1. Bulk Rock Properties
Welded Tuff Rhyolite
Bulk density, Mg m™® 224 = 0.02 2.10 = 0.04
Effective porosity 0.098 = 0.005 0.108 = 0.003
Measured matrix
permeability, m*
Average TE-17° 1.2E-15
Range 33E~17t0 9E—17 TE~16 to 2E~15

Estimated matrix

1.5E—20 (£1.2E—20) 9.7E—17 (£7.8E~17)
permeability,” m?

aRead 7TE—17 as 7 X 1077
*See equation (5).

sions compatible with surface zones in our study (2 to 7 mm)
have not been reported with this method.

3. Materials and Methods

Experimental tests of surface-zone fast flow were conducted
on a sample of welded tuff and a rhyolite. The Topopah Spring
welded tuff (Yucca Mountain) was bounded by a natural frac-
ture surface with a coating consisting primarily of fine quartz
and tridymite (determined by x-ray diffraction). The sample
was cut into a block, 70 mm by 56 mm by 24 mm, with the
fracture surface along one of the 70 mm by 56 mm sides. The
rhyolite sample (Owens River Gorge, Mono County, Califor-
nia) included a cooling joint fracture surface. The rhyolite did
not exhibit obvious mineralogical contrasts between the sur-
face zone and bulk rock, but it did contain shallow microcracks
on the cooling joint surface and in its matrix. The rhyolite
sample was cut into a 71 mm by 43 mm by 31 mm block, with
the cooling joint on one of the 71 mm by 43 mm sides. Bulk
properties of these rock are listed in Table 1. Effective poros-
ities are equated here with volumetric water contents of vac-
uum-saturated samples. Matrix permeabilities listed in Table 1
were measured using two independent transient methods on
both rock types. These were the falling-head method using
water [Klute and Dirksen, 1986] and pressure decay method
using air [Jones, 1972]. Matrix permeabilities calculated from
sorptivity measurements described later are also listed in Table
1 for comparison. Rock samples were sealed with epoxy into
acrylic plastic permeameters for the permeability measure-
ments after all sorptivity tests were completed. For specimens
that included a fracture surface zone, flow was normal to the
fracture surface. Permeability measurements using water were
conducted following vacuum saturation of samples. Permeabil-
ity measurements using air were slip-corrected using proce-
dures described by Jones [1972]. Ranges of values reflect the
fact that 2 to 4 different specimens of each rock type were
measured, each in duplicate.

Qualitative observations of surface-zone fast flow were ob-
tained through experiments in which water entered the sample
block simultaneously through both the surface zone and bulk
rock matrix (Figure 2a). The bottom surface (containing both
matrix and an edge of a fracture surface zone) of an initially
air-dry block was placed in contact with a free water reservoir
at time zero. The rock and reservoir were enclosed under an
inverted glass beaker to minimize evaporative water loss. All
experiments were conducted at room temperature (22° = 2°C
for all experiments, with less than £0.5°C variation within any
single experiment). The wetting front advance along the nat-
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Figure 3. Apparatus for sorptivity measurements. The basic
components are (a) the sample with horizontal area “a”, elec-
tronic balance denoted by “b”, sample hanging wire denoted by

¢”, water pan reservoir denoted by “d” with area “A”, enclo-
sure denoted by “e”, and laboratory jack stand denoted by “f”.

ural fracture and cut matrix surfaces was photographically re-
corded at various times during the imbibition process.

A more quantitative evaluation of surface-zone flow was
obtained by conducting imbibition (sorptivity) tests with water
entering through the surface zone and then into the bulk rock
matrix (as in Figure 2b). A variety of similar methods have
been used by other researchers [Peters et al., 1987; Chekuri,
1995; Humphrey et al., 1996; Siebold et al., 1997]. The apparatus
used for these imbibition experiments is shown in Figure 3.
The initially air-dry rock sample is suspended from the bottom
hook of an electronic balance (Sartorius LP1200-S) by a wire.
The suspension wire is adjusted such that the lower surface of
the rock is horizontal (within < 1 mm). The sample and water
pan reservoir are contained within a chamber (desiccator box)
to minimize evaporative water losses. The hole on the top
surface of the chamber provides about 1 mm radial clearance
between the chamber ceiling and the suspension wire. At time-
zero the free water surface is placed in contact with the bottom
surface of the rock by raising the chamber with the jack stand.
The cumulative apparent imbibition mass indicated by the
electronic balance is recorded as a function of time. The ap-
parent imbibition mass is corrected for changes in buoyancy
resulting from the small decline in the reservoir water level
(Appendix A) and then is normalized to the horizontal surface
area and expressed as cumulative imbibition. As shown in
Appendix A, the buoyancy correction can be very important,
depending on the relative areas of the free water surface and
the fracture face. Measurements on a solid acrylic plastic block
“blank” sample indicated that the background drift on the
sorptivity apparatus was less than 0.02 g for the time intervals
used in this work. Experiments were done for imbibition
through the fracture surface into the bulk matrix and also for
imbibition through “matrix only” samples. During experiments
on flow through the fracture surface into the bulk rock the
position of the visually observed wetting front was recorded at
various times for later estimates of average volumetric water
content. The “matrix only” samples included blocks of the
same rock without a fracture surface and the blocks with frac-
ture surfaces. In the latter case the fracture surface is oriented
upward such that imbibition occurs directly into the matrix
from the side opposite that of the fracture. Samples were
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oven-dried (105°C for 24 hours) after each test and rerun to
test reproducibility.

As discussed in section 4, very large discrepancies between
directly measured and sorptivity-estimated permeabilities were
obtained for the rock specimens used in this study. The possi-
ble influences of wettability and scale were examined in an
attempt to resolve these discrepancies. Wettabilities of initially
air-dry rock were determined by measuring contact angles of
water droplets placed on fracture surfaces and cut matrix sur-
faces, using a contact angle goniometer. The second possibility,
that these rocks have characteristic pore scales smaller than
the valid range for applying (5b), also needed testing. Recall
that the lowest permeability included in the study by Kao and
Hunt [1996] was 1.8 X 107" m”. To test the possibility that B
is scale-dependent, imbibition measurements were conducted
on three highly wettable porous ceramics (Soilmoisture Equip-
ment Corp., Santa Barbara, California) in order to determine
the factor B (equation (5a)) based on measured sorptivities
and the manufacturer’s reported permeabilities. The 0.5, 3,
and 15 bar ceramics used in our tests have permeabilities of
3.1 X 107,25 X 107" and 2.6 X 107'® m?, respectively.
Systematic deviations of calculated B values relative to the
assumed value of 0.5 for the lower-permeability ceramics
would indicate that the scaling limits were encountered in our
study.

4. Results and Discussion

Both the welded tuff and rhyolite samples exhibited higher
imbibition rates within their respective surface zones than
within the bulk rock matrix. The higher sorptivity of the frac-
ture surface zone of each rock was qualitatively revealed in the
imbibition experiments conducted such that water enters di-
rectly into both the surface zone and bulk matrix (as in Figure
2a). For the welded tuff the wetting front within the surface
zone advanced 4 to 7 times faster than in the bulk matrix
(Figure 4a). For the rhyolite the wetting front advance was 2 to
3 times faster within the surface zone than in the bulk matrix
(Figure 4b). These ratios of surface to bulk-region wetting
front advance are next compared with sorptivity measurements
on the same samples but with imbibition through the surface-
zone and then into the bulk rock.

The cumulative imbibition of water into the welded tuff, via
the fracture surface zone, exhibited initially higher S, followed
by low § when the wetting front entered into the bulk matrix
(Figure 5). Sorptivities measured in this manner were 2.9 X
107 ms™*? and 4.8 X 107° m s~ for the surface zone and
bulk matrix, respectively. The sorptivity measured directly on
the matrix of the welded tuff was 4.3 X 107° m s™'2 (also
shown in Figure 5), a value similar to that obtained in the
second stage of imbibition through the fracture surface zone.
Also, note that the ratios of S measured in the surface zone to
that in the bulk rock are 6.0 and 6.7 (relative to the two
measurements of matrix §), values in the range expected from
the previously described imbibition experiments conducted
with flow parallel to the fracture plane (ratios in the range of
4 to 7). The cumulative infiltration at the point of the change
in slope for the experiments run with imbibition taking place
through the fracture surface is associated with the wetting
front being located at the interface between the surface zone
and bulk matrix. For the measurements on the tuff the slope
change occurs over the interval of I = 0.43 + 0.10 mm,
rather than at a distinct value. Combining this information with
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Figure 4. Upward imbibition of dyed water from a lower boundary maintained at a matric potential of —80
Pa. (a) Imbibition into initially dry Topopah Spring Tuff (welded), showing fast flow within the fracture

coating (¢t =
tured cooling joint surface (¢ = 26 min).

the visually observed wetting front position associated with this
transition in sorptivities (L = 2.5 = 0.4 mm), we obtain an
estimate of the fracture surface-zone porosity equal to 0.17 =
0.05. This effective porosity is higher than the bulk matrix
effective porosity (0.098 = 0.005).

Since permeabilities and hydraulic conductivities can be of
greater interest than sorptivities, especially in long-term, large-
scale processes, the aforementioned S values were used to
estimate k values through (5b) and then were compared with
directly measured bulk sample permeabilities. This compari-
son is important to perform because permeabilities calculated
from imbibition measurements include critical assumptions
about wettability, pore geometry, and scaling as mentioned in
section 2. Combining the average of the two matrices § (4.6 X
107° + 0.3 X 107° m s~ '?) and the change in average volu-

0.8 T H T 1 1
matrix behind fracture surface zone
0.7 S = 4.8E-6 m/(sqrt s) -
c 2 = 0.905 P
g€ 06 | . ._.A__,E-*- D
. fracture surface zone SR
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Figure 5. One-dimensional sorptivity experiments into a

Topopah Spring Tuff. The upper curve is for imbibition

Lo s ez s A A dde s daedon Tz nw

uuuugu fracture surface coating into the matrix. The lowcer
curve is for imbibition directly into the matrix. Different sym-
bols show results from individual tests.

25 min). (b) Imbibition into initially dry rhyolitic tuff, showing faster flow along the microfrac-

metric water content in the wetted region (A6 = 0.10 = 0.01,
based on measured cumulative imbibition divided by the wet-
ted length as discussed below) in (5b) provides a sorptivity-
estimated matrix permeability of 1.5 X 1072% (= 1.3 X 107%°)
m?. The estimated uncertainty in k was calculated assuming
that measurement uncertainties in B, A8, and § can be treated
as independent and even functions [Taylor, 1982; Shoemaker et
al., 1989] and that relative uncertainties in these terms are
much larger than those for surface tension and viscosity. As
noted in section 2, uncertainty associated with the B factor
contributes the most to the uncertainty in the estimated per-
meability. Applying (5b) to the early time data for flow through
the fracture surface of the welded tuff yields a surface-zone &
of about 2.8 X 107! = 2.3 X 107 ® m?, using the estimated
A6 = 0.17 = 0.02 for this region. Thus, based on (5b), the thin
surface zone of the tuff appears capable of conducting water
about 170 times faster along the fracture plane than the un-
derlying bulk rock matrix.

Independent direct measurements of the bulk rock yielded a
much higher arithmetic mean matrix k of 7 X 107" m? (range
of 3 X 107" t0 9 X 1077 m?). These measurements (using
both air and water as the permeating fluid) were made on the
original specimen used in the sorptivity experiment and on
other specimens cut from the original rock block. The very
large (4700 fold) discrepancy between mean measured and
estimated matrix permeabilities is far more than that attribut-
able to uncertainties in B. The fact that the estimated perme-
ability based on measured sorptivity is much lower than the
directly measured permeabilities suggested that this rock is
either not strongly wettable upon initial exposure to water or
that (4) through (6) cannot be applied to low-permeability
media because of scale dependence in B or both. The possi-
bility that a scale dependence in B contributes to the observed
inconsistency is addressed later. Contact angle measurements
of water droplets placed on the initially air-dry tuff matrix and
fracture surface yield values of 57° = 8° and 23° + 8°, respec-
tively. These results indicate that wettability did, in fact, con-
tribute to the discrepancy between direct and sorptivity-
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Figure 6. One-dimensional sorptivity experiments into an
Owens Gorge rhyolite. The upper curve is for imbibition
through fracture surface coating into the matrix. The lower
curve is for imbibition directly into the matrix. Different sym-
bols show results from individual tests.

estimated permeabilities, preventing inference of fast surface-
zone flow from imbibition measurements.

Similar results, but with less sorptivity and permeability con-
trasts between the surface zone versus bulk rock, were ob-
tained from experiments on the rhyolite (Figure 6). A higher
initial sorptivity (8.6 X 107> = 0.7 X 107> m s~ /) is observed
relative to later stages of imbibition (3.8 x 107 m s~ ?) for
uptake through the fracture surface zone (upper curve in Fig-
ure 6). The measurements of imbibition directly into the matrix
yielded a similar sorptivity (lower curve in Figure 6, with § =
3.3 X 1077 m s7'?) as that obtained in the later stages of
imbibition through the surface zone but also appear to reflect
some loss of sample integrity during sawing of the original
rock. This surficial damage is reflected in a short period of
higher sorptivity as water initially wets the cut surface (Figure
6). The fracture surface zone S of 8.6 X 1077 (£0.7 X 10™°) m
s™'? is 2.4 times greater than the average S measured in the
matrix (3.6 X 1077 = 0.3 X 107" m s~ ). The surface-zone
volumetric water content change during imbibition (Af =
0.15 * 0.01) was also significantly higher than that of the bulk
matrix (A6 = 0.087 + 0.008). The estimated rhyolite matrix &
based on its measured sorptivity, volumetric water content
change (A6 = 0.07 = 0.01), and (5b) is 9.7 X 107'7 (+7.8 X
107"7) m*. From Eg. (5b), the estimated rhyolite surface-zone
permeability of 3.6 X 107'¢ (£2.9 X 107'%) m? is about 4 times
higher than this value. However, direct measurement of the
saturated hydraulic conductivity of the rhyolite by falling head
permeametry yielded k values from 7.0 X 107*°t0 2.0 x 105
m?, again suggesting that partial water wettability is an impor-
tant influence. Contact angle measurements on the dry rhyolite
matrix and fracture surfaces yiclded values of 40° = 10° and 47°
* 8, respectively, indicating that wettability is influencing im-
bibition. However, in this case the higher-sorptivity surface
zone has a macroscopic wettability that is less than or equal to
that of the bulk rock. Thus, although (5b) does not correctly
predict the rhyolite matrix permeability, the available evidence
still indicates that surface-zone fast flow does occur in this
system.

Results of the imbibition experiments on the highly water-
wettable ceramics showed no significant differences in the B
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parameter relative to the mean value of 0.5 (Figure 7), indi-
cating that scale effects were not responsible for discrepancies
between measured and calculated permeabilities. The fact that
values of B = 0.5 were obtained for these fused matrix ce-
ramics also suggests that this parameter is not strongly specific
to pore geometry, since the data used by Kao and Hunt [1996]
were all from granular porous media. Thus wettability appears
to be the most general potential limitation of using (5b).

5. Summary

Surface-zone flow was identified as a process capable of
resulting in faster flow along unsaturated fractures. When the
surficial region of rock blocks is significantly higher in perme-
ability than the overall rock matrix, flow within the surface
zone can occur at proportionally higher velocities than in the
bulk rock. Such surface-zone fast flow can occur even when the
rock fractures are at very low water saturation. During re-
charge events the low sorptivity of partially saturated, very low
permeability rock can sustain near-zero matric potentials along
fracture surfaces associated with preferential flow paths. Al-
terations to the fracture surface zone of very low permeability
rock are most likely to be permeability-enhancing, thereby
permitting fast flow within the surface zone. Thus surface-zone
flow can be important in contributing to flow through some
unsaturated, fractured, low-permeability rock. In such environ-
ments, knowledge of bulk rock and fracture properties alone is
insufficient for predicting hydrologic processes. Imbibition ex-
periments demonstrated faster water uptake through the frac-
ture surface zone than in the bulk matrix for a tuff and a
rhyolite. However, quantitative determinations of surface-zone
and matrix permeabilities were not obtained in these relatively
low permeability and imperfectly wetting rock. Stch quantifi-
cation awaits development of techniques for directly measur-
ing permeabilities within thin surface zones of rock fractures
combined with appropriate analysis. The extension of gas
probe permeametry to smaller dimensions might provide the
necessary measurements. In general, flow experiments con-
ducted over a range of short dimensions, combined with in-
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Figure 7. Correlation between permeabilities of the Kao and
Hunt [1996] B parameter. The Kao and Hunt values are from
their Table 1. The values for ceramics are based on the man-
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facturer’s (Soilmoeisture Equipment Corp.,
California) reported permeabilities and our measured sorptivi-
ties.
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verse modeling, have the potential to identify fracture surface
zones that do support fast flow.

Appendix A: Buoyancy Correction for Measuring
the Water Uptake Mass

Readings obtained from the balance cannot generally be
interpreted as being equivalent to the mass of water taken up
by the porous medium because a finite submergence depth y
requires a buoyancy correction. Furthermore, for typical ap-
plications y varies with time. Hence a necessary approximate
correction for the time-dependent submergence depth is pre-
sented here. The possible influences of time-varying contact
angle and surface tension are assumed to be negligible, based
on the accurate calculations of mass change obtained with this
approximate correction. The following analysis is expected to
fail when the free water surface drops slightly below the lower
surface of the rock such that changes in the air-water interfa-
cial area become influential. The components of this analysis
are shown in Figure Al. The oven-dry sample has an initial
mass equal to its solid phase mass m,. The sample height and
uniform horizontal cross-sectional area are L and a, respec-
tively. The reservoir has a total uniform cross-sectional area 4
and a free water surface area of 4-a.

Time-dependent buoyancy corrections are potentially nec-
essary from two sources contributing to variation in submer-
gence depth. Relative to the stationary laboratory reference
frame, the suspended sample descends during the course of
water uptake, and the water level in the reservoir declines
through flow into the porous medium. Measurements of the
balance response to imposed displacements showed that the
suspended sample descended at most 25 * 5 pum. Such dis-
placement contributed less than 10% to the buoyancy correc-
tion and was neglected. Thus the sample was considered sta-
tionary in these experiments, and the submerged depth was
considered to decrease with time solely because of water trans-
fer from the finite reservoir into the porous medium. At any
instant in time the balance reading indicates the sum of the
mass of solid and water within the sample and the buoyant
mass of water displaced by the portion of the sample below the
free surface. This application of Archimedes’ principle gives

R=m,+ m, — p,ay, (A1)

where m, and m,, refer to the total sample mass and the total
mass of water, respectively, imbibed into the porous medium at
the time of obtaining the reading R and p,, is the density of
water. The mass of the suspension wire need not be included
because it amounts to a constant offset that is self-canceling
when differences between readings at different times are cal-
culated. The last term in (Al) is the submergence depth-
dependent buoyancy correction for the total sample wet mass.
Differentiating (A1) with respect to m,, gives

dR dy
pwa dmw'

am. (A2)

The change in imbibed water mass depends on the change in
submergence depth through

dm, = —pA —a)dy. (A3)

so that

dR A

= (A4)

dm, A-—a
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Figure Al. Buoyancy influence on imbibition mass measure-

ments.

Integration of (A4) gives

mo(t) = (1 -%) [R(1) — R(0)]. (AS)

This result shows that changes in balance readings are larger
than the associated water uptake in the porous medium and
that neglecting uptake-dependent buoyancy effects will lead to
erroneously high sorptivity values. Since the correction factor
is —a/A, ignoring the buoyancy correction only provides reli-
able results when a/A4 is very small (i.e., for small samples in
large area reservoirs). The above approximate expression was
found to work satisfactorily, with balance readings corrected by
the —a/A factor agreeing within +10% (average magnitude
difference equals 5%) with direct measurements on sample
mass increases. For the rock samples and water pan dimen-
sions used in this study, neglecting this correction would have
imparted systematic measurement errors ranging from +25%
to +37%.
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